Poromechanics approach for modeling closed-cell porous materials with soft matrices  by Nedjar, B.
International Journal of Solids and Structures 50 (2013) 3184–3189Contents lists available at SciVerse ScienceDirect
International Journal of Solids and Structures
journal homepage: www.elsevier .com/locate / i jsolst rPoromechanics approach for modeling closed-cell porous materials with
soft matrices0020-7683/$ - see front matter  2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.ijsolstr.2013.05.022
⇑ Tel.: +33 1 64 15 37 15; fax: +33 1 64 15 37 41.
E-mail address: boumediene.nedjar@enpc.frB. Nedjar ⇑
Université Paris-Est, Laboratoire Navier (UMR 8205), CNRS, ENPC, IFSTTAR, F-77455 Marne-la-Vallée, France
a r t i c l e i n f oArticle history:
Received 12 February 2013
Received in revised form 16 May 2013
Available online 5 June 2013
Keywords:
Closed-cell porous materials
Elastomers
Pore pressure
Finite strains
Continuum thermodynamicsa b s t r a c t
The main purpose of this paper is the formulation of a modeling framework for closed-cell porous mate-
rials by means of the nowadays classical approach of poromechanics. The cavities being saturated with a
single ﬂuid phase, Biot’s theory drastically simpliﬁes since no ﬂuid diffusion is present in this case. Nev-
ertheless, the ﬂuid contribution to the macroscopic behavior is still present and the ﬂuid mass conserva-
tion controls the pore pressure that contributes to the total stress at the macro-scale. A constitutive law
for the saturating ﬂuid is introduced that encompasses both ideal gas and incompressible ﬂuids as par-
ticular cases. The approach is built around the uniﬁed framework of continuum thermodynamics which is
crucial in setting the convenient form for the state laws. As the ﬁnite strain range is of concern, the mod-
eling strongly depends on the Eulerian porosity law adopted in the spatial conﬁguration. Two model
examples are discussed with parametric studies to show the effectiveness of the proposed approach.
 2013 Elsevier Ltd. All rights reserved.1. Introduction Historically, two approaches have been used in a relevant litera-Porous materials are frequently two-phase materials consisting
of a solid skeleton ﬁlled with a ﬂuid phase. In material science,
poromechanics is mostly employed as a tool for modeling open
media with connected porosity through which the ﬂuid is allowed
to ﬂow. Several ﬁelds ranging from geomechanics to the challeng-
ing domain of biomechanics fall within the scope of this approach.
However, other applications also employ porous materials, but this
time with occluded porosity through which no ﬁltration occurs. For
instance, one can think of air ﬁlled materials such like polymeric
and silicone foams, and even of cellular materials ﬁlled with liquid
as found for some biological systems, see for example (Cowin,
2000; Holzapfel, 2004).
While it is evident that the ﬂuid phase plays a non negligible role
in the behavior of liquid ﬁlled closed-cell systems, it has recently
been shown through micro-mechanical analyzes that the internal
pore pressure exerted by air on the internal wall cavities can also
signiﬁcantly alter the macroscopic response of closed-cell elasto-
meric foams (see Idiart and Lopez-Pamies, 2012; Lopez-Pamies
et al., 2012). It becomes then evident that this fact must be taken
into account within modeling tools. This is the main purpose of this
paper where we adopt the macro-scale point of view of the
mechanics of porous media to model this category of materials.
Poromechanics is the description of the kinematic and pore
pressure distribution of porous continua under arbitrary loadings.ture: mixtures theories (Bowen, 1982; see also Chen et al., 2011;
Cowin and Cardoso, 2012) among many others, and the
macro-scale Biot’s theory (Biot, 1941, 1972), see also (Armero,
1999; Karrech et al., 2012). The present work is based on this latter.
Brieﬂy, it denotes the coupled process between mechanics and
ﬂuid ﬂow through, respectively, the balance equation and the ﬂuid
mass conservation, and where the constitutive equations are
expressed in terms of the solid skeleton’s deformation and the
internal pore pressure. For extensive discussions and detailed
synthesis, the reader is referred to Coussy (2004).
In our case, the key idea is to keep in mind that the system we
consider is closed. Then, Biot’s theory drastically simpliﬁes as no
ﬂuid ﬂow is allowed, i.e. no Darcy’s law in this case. Nevertheless,
the ﬂuid mass conservation still controls the internal pore pressure
that contributes to the total stress response of the material. The
coupling is made clear through the uniﬁed continuum thermody-
namics framework. As the ﬁnite strain range is of concern, the
modeling strongly depends on the law adopted for the (spatial)
Eulerian porosity in the deformed conﬁguration. In this paper,
two model examples are proposed: (i) a simple constant Eulerian
porosity law, and (ii) a pore pressure dependent Eulerian porosity
law. Of course, other choices are possible as well, for instance a
porosity law that depends on both the pore pressure and the volu-
metric strain as developed in Nedjar (2013). Moreover, and irre-
spective to the pore pressure modeling, one can use any existing
hyperelastic model in the literature to describe the effective re-
sponse of the solid skeleton, i.e. the porous solid with vacuous
voids. In this paper, two different models of the Neo-Hookean type
are used for illustrative purposes.
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2, we recall the continuum thermodynamics formulation relative
to porous media in the ﬁnite strain range where, in our case, the
mass conservation of the ﬂuid simpliﬁes to a single scalar con-
straint. A general constitutive law for compressible ﬂuids is pro-
posed that will be systematically used. In Section 3, a constant
Eulerian porosity law is built and discussed through different para-
metric studies. Section 4 is devoted to a somehow more sophisti-
cated model where the porosity law is considered to be pore
pressure dependent. Here again, the model is discussed through
parametric studies. Finally, conclusions and perspectives are
drawn in Section 5. Noteworthy remarks and comments are given
throughout the paper.
Notation: In all what follows, bold face characters refer to sec-
ond- or fourth-order tensors. In particular, 1 denotes the second
order identity tensor with components dij (dij being the Kronecker
delta). The notation ()T is used for the transpose operator and the
double dot symbol ’:’ is used for double tensor contraction, i.e.
A : B ¼ tr½ABT  ¼ AijBij where, unless speciﬁed, summation on re-
peated indices is always assumed. One has the property
tr½ðÞ ¼ ðÞ : 1 for the trace operator ’’tr’’. Furthermore, the dot
operator  always refers to material time derivative.
2. Continuum thermodynamics considerations
Starting with standard kinematical notations in the ﬁnite strain
range, let utð:Þ denote the motion in a time interval ½0; T of a por-
ous continuum body with reference conﬁguration X0. The body is a
superimposition of a solid skeleton and a ﬂuid phase. By solid skel-
eton, we mean the continuum formed from the matrix and the por-
ous space emptied of ﬂuid. Its deformation is the one that is
observable. The material position of a typical solid skeleton particle
is labeled by X 2 X0. It is mapped into the current (spatial) conﬁg-
uration Xt ¼ utðX0Þ to the position x ¼ utðXÞ. The deformation
gradient is as usual denoted by F ¼ DutðXÞ with J ¼ detF > 0 its
Jacobian. Furthermore, we denote by n the Eulerian porosity, and
by / the corresponding Lagrangian porosity. They are connected
by the relation / ¼ Jn. In fact, for an elementary reference volume
dX0 mapped onto dXt  JdX0, these porosities are such that
/dX0 ¼ ndXt . The ﬂuid phase of the porous solid is characterized
by the Lagrangian ﬂuid mass content denoted here by mf and de-
ﬁned per unit of reference volume dX0. It is related to the current
ﬂuid mass content per unit of current volume dXt as:
mf dX0 ¼ qf ndXt , where qf is the current ﬂuid density. One obtains
then the well-known deﬁnition
mf ¼ qf/ ð1Þ
Now from the point of view of the continuum thermodynamics,
when gravity effects are neglected, the purely mechanical dissipa-
tion is given by the following Clausius–Duhem inequality (see
Coussy, 2004),
D ¼ S : 1
2
_C þ p _/ _wsk P 0 ð2Þ
where S is the total second Piola–Kirchhoff stress tensor, C ¼ FTF is
the right Cauchy–Green tensor, wsk is the free energy of the solid
skeleton alone, and p is the pore pressure at the considered material
point. Observe the conjugate character of this latter with the
Lagrangian porosity /.
At this point, it must be stressed that the free energy of the solid
skeleton wsk is the additive contributions of the effective drained
response w0sk, i.e. with vacuous pores, and the response wpor due
to the action of the pore pressure on the solid skeleton through
the internal walls of the porous space. We write
wsk ¼ w0skðCÞ þ wporðJ;/Þ ð3Þwhere the dependence of partial free energy wpor on the deforma-
tion gradient only through its Jacobian J is clear since, by essence,
it is a volumetric phenomenon (see also Nedjar, 2012, 2013). Here
and in all what follows, the prime notation ðÞ0 refers to effective
drained quantities, and not to a derivative with respect to any of
their arguments.
Furthermore, to obtain a state law where the Lagrangian poros-
ity / is given as a function of the pore pressure p and not the re-
verse, a partial inversion of wpor with respect to the couple of
work-conjugate variables ð/; pÞ is introduced which deﬁnes the
more convenient partial potential vpor that we use from now
vporðJ;pÞ ¼ wporðJ;/Þ  p/ ð4Þ
Now by inserting the identities (3) and (4) into (2) and imposing
D ¼ 0 as no dissipation is allowed in the present context of poro-
elasticity, standard arguments of continuum thermodynamics
(see for example Germain et al., 1983), lead to the following state
laws
S ¼ 2 @w
0
sk
@C|ﬄﬄ{zﬄﬄ}
S0
þ J @vpor
@J
C1|ﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄ}
Spor
and /  Jn ¼  @vpor
@p
ð5Þ
where use has been made of the well known kinematic formula
@J=@C ¼ 12 JC1. The stress law (5)1 can equivalently be written as
r ¼ r0 þ @vpor
@J
1|ﬄﬄﬄ{zﬄﬄﬄ}
rpor
ð6Þ
in terms of the Cauchy stress tensor r given by the relation
Jr ¼ FSFT . The physical meaning is then clear: the total stress is
the sum of the solid skeleton effective stress and the purely volu-
metric stress contribution due to the presence of the internal pore
pressure.
So far, the developments above apply to any type of poroelastic
materials. The particularity of closed-cell porous materials is that
no diffusion is allowed and, hence, the conservation of ﬂuid mass
reduces to its simplest form
_mf ¼ 0 ð7Þ
Using deﬁnition (1), Eq. (7) means that the product quantity
‘‘qf Jn’’ is constant during any deformation process. In particular,
it is equal to its initial free state value ‘‘qf0n0’’ where qf0 and n0
are the initial ﬂuid density and porosity, respectively.
To go further, the actual ﬂuid density must be linked to the pore
pressure by specifying a constitutive law for the ﬂuid. This latter
being considered here as barotropic, i.e. qf  qf ðpÞ, we use the gen-
eralized law proposed in Nedjar (2013)
qf ðpÞ ¼ qf0
p
p0
 g
ð8Þ
where p0 is the initial pore pressure, and g P 0 is a ﬂuid parameter.
This law encompasses both incompressible ﬂuids (for g ¼ 0) and
ideal gas (for g ¼ 1) as particular cases.
Thereby, in the following developments, the ﬂuid mass conser-
vation, Eq. (7), becomes with the use of deﬁnition (1)
p
p0
 g
Jn ¼ n0 ð9Þ
that will be systematically solved for the actual pore pressure p
when the volumetric strain J is given at a typical solid skeleton par-
ticle within a strain-driven problem.
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In a simple approach, we can consider that the actual Eulerian
porosity remains unchanged during the deformation by setting
nðx; tÞ ¼ n0  f0 8x 2 Xt ; 8t 2 ½0; T ð10Þ
where f0 is no more than the volume fraction of the voids. So that by
the state law (5)2, since the Lagrangian porosity is in this case given
by / ¼ Jf0, the partial potential relative to the porous space may be
simply given by
vporðJ;pÞ ¼ Jf0ðp p0Þ ð11Þ
As a consequence, and by Eq. (6)2, the porous space contribution
to the Cauchy stress tensor is given by
rpor ¼ f0ðp p0Þ1 ð12Þ
Another consequence of the choice (10) is that the ﬂuid mass
conservation (9) drastically simpliﬁes to give the following explicit
expression for the pore pressure
p ¼ p0 exp 
ln J
g
 
ð13Þ
which, for ideal gas with g ¼ 1, reduces to p ¼ p0=J.
Remark 1. As the Eulerian porosity is by deﬁnition the ratio of the
actual porous space to the actual total volume, the choice (10) does
not mean that the voids volume remains constant. Indeed, it
proportionally changes with the total volume change of the solid
skeleton, see the sketch of Fig. 1 for an illustration. h3.1. Effective stress response for the solid skeleton
To make matters as concrete as possible, we give in this section
a constitutive model for the effective response of the solid skele-
ton. This latter being compressible at the macro-scale, we can
choose for the partial free energy w0sk an additive volumetric/devi-
atoric decomposition as widely used in the literature (see for
example Simo, 1998; Holzapfel, 2000),
w0skðCÞ ¼ U0ðJÞ þ w0isoðCÞ ð14Þ
where U0ðJÞ and w0iso are the volumetric and isochoric parts of the
effective strain energy, respectively, C ¼ J2=3C being the volume
preserving right Cauchy–Green tensor. For the latter part, we use
in this model example the well-known Neo-Hookean model
w0isoðCÞ ¼
1
2
lsk I1  3
 
; I1 ¼ C : 1
   J2=3 C : 1½  ð15Þ
where lsk is the apparent shear modulus of the solid skeleton. I1 is
the ﬁrst invariant of the strain tensor C deﬁned above.Fig. 1. Constant Eulerian porosity after loading. An illustration.For the volumetric part, supposing that the matrix that consti-
tutes the solid skeleton is incompressible, we choose the simplest
possible function such that
U0ðJ ¼ 1Þ ¼ 0 and lim
J!1f0
U0ðJÞ ¼ 1 ð16Þ
Such requirements are satisﬁyed by the following form
U0ðJÞ ¼ jskf 20 g 1 lngð Þ ð17Þ
where g ¼ ð1þ ðJ  1Þ=f0Þ, and jsk is the apparent bulk modulus of
the solid skeleton as will be shown below. Then, with these choices,
the effective part of the Cauchy stress tensor given by the state law
(6) reads
r0 ¼ jskf0 1 1g
 
1þ lsk
J
dev½b ð18Þ
where b ¼ J2=3FFT is the volume preserving left Cauchy–Green ten-
sor. The dev½ notation stands for the deviatoric operator in the spa-
tial conﬁguration. One can then check that
jsk ¼ 13
d tr r0½ ð Þ
d
JjJ¼1 ð19Þ
which identiﬁes jsk as the bulk modulus at the inﬁnitesimal limit.
To go further, one has to link the apparent moduli jsk and lsk
with what characterizes a closed-cell porous material, namely;
the parameters of the matrix that constitutes the solid skeleton,
and the volume fraction of the voids. A reasonable choice is to re-
tain two main results established in Danielsson et al. (2004) for the
limiting case of the inﬁnitesimal theory:
jsk ¼ 43l
1
f0
 1
 
and lsk ¼ lð1 f0Þ ð20Þ
where l is the shear modulus of the matrix supposed to be incom-
pressible. Therefore, the effective behavior of the solid skeleton de-
pends solely on the parameters l and f0.
Remark 2. The apparent bulk modulus given by Eq. (20)1 corre-
sponds to spherical cavities. We can show that for a plane-strain
problem with cylindrical cavities, it becomes lð1=f0  1Þ. Hence,
the factor ð1=f0  1Þ is omnipresent and makes the apparent bulk
modulus tend to inﬁnity when no voids are present. Irrespectively,
the choice (20)2 for the apparent shear modulus is valid for both
cases. It is no more than the shear modulus of the constitutive
matrix times its volume fraction in the solid skeleton. hFig. 2. Hydrostatic compression for different values of the voids volume fraction f0.
The ratio l=p0 ¼ 5 and the ﬂuid compressibility parameter g ¼ 0:8 are ﬁxed.
Dashed lines correspond to effective stress responses.
Fig. 4. Hydrostatic compression for different values of the ratio ðl=p0Þ. The
parameters f0 ¼ 0:8 and g ¼ 1 are ﬁxed.
Fig. 5. Uniaxial compression with l=p0 ¼ 3; f 0 ¼ 0:8 and g ¼ 0:5. The curves in
dashed lines correspond to the effective response.
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In summary, the parameters needed for the present model
example are: the shear modulus of the constitutive matrix l, the
volume fraction of the voids f0, the initial pore pressure p0, and
the compressibility parameter of the ﬂuid g.
Fig. 2 shows a set of ‘‘hydrostatic compression versus volumet-
ric strain’’ curves for different values of f0 when we ﬁx the ratio
ðl=p0Þ to 5 and the ﬂuid compressibility to g ¼ 0:8. For the sake
of comparison, each curve is superposed to its corresponding result
without the contribution of the pore pressure (in dashed lines). The
inﬂuence of f0 on the initial tangent modulus is clear. One can ob-
serve the characteristic stiffening due to the internal pore pressure.
Furthermore, the more the volume fraction of the voids is high the
more the extra-stress due to the pore pressure is relatively high.
Fig. 3 shows similar results, this time for different values of the
ﬂuid compressibility parameter g. The ratio ðl=p0Þ still remains
ﬁxed to 5. One can observe that, irrespective to the volume fraction
of the voids, the more the parameter g is low the more the extra-
stress due to the ﬂuid pore pressure is high, the ﬂuid approaches
incompressibility as g ! 0.
The third series of computations illustrates the inﬂuence of the
ratio ðl=p0Þ on the relative stiffening of closed-cell porous materi-
als. Without loss of generality, we ﬁx the volume fraction of the
voids to f0 ¼ 0:8 and consider an ideal gas with g ¼ 1. Fig. 4 shows
curves for different values of the ratio ðl=p0Þ that are compared
with the case of an effective stress response. All the hydrostatic
stresses being normalized with the respective constitutive matrix
shear moduli l, a direct comparison of the different responses is
then possible. One can observe that the more the constitutive ma-
trix is soft the more the extra-stress is relatively high. Closed-cell
elastomeric foams mostly belong to this category of materials,
and then, the stiffening phenomenon due to the internal pore pres-
sure must be taken into account within a modeling procedure. On
the other side, and even if this is not shown in Fig. 4, one can de-
duce that the extra-stress is negligible for stiff constitutive matri-
ces with very high ðl=p0Þ ratio.
As a last example, the results of simple compression tests are
plotted in Fig. 5. One can notice that the extra-stress is relatively
low because, as the internal pore pressure contribution is purely
volumetric, it does not contribute to the deviatoric part of the
total stress. Nevertheless, the plots of the lateral stretch evolu-
tions clearly show that the pore pressure has a non negligible
inﬂuence.Fig. 3. Hydrostatic compression for different values of the ﬂuid compressibility
parameter g. The ratio l=p0 ¼ 5 is ﬁxed.4. A pore pressure dependent Eulerian porosity modeling
As a second modeling example, we consider possible changes of
the actual porosity under volumetric loadings by making it depend
on the pore pressure n  nðpÞ. In this paper, the following nonlin-
ear porosity law is adopted
nðpÞ ¼ 1 ð1 f0Þ exp  p p0Qð1 f0Þ
 
ð21Þ
where Q is a new parameter.
Inspecting this law, one can observe that the initial Eulerian
porosity is precisely the voids volume fraction, i.e. n0  nðp ¼
p0Þ ¼ f0, and that at high pore pressure, it is limited by an upper
bound, i.e. n ! 1 when p !1. Indeed, keeping in mind that the
actual porosity is by deﬁnition the ratio of the porous space vol-
ume to the total volume, its possible evolutions are restricted to
belong to the interval ½0;1 for any admissible process, see Fig. 6
for an illustration. Moreover, notice that a ﬁrst order development
of expression (21) near p ¼ p0 gives the result
nðpÞ ¼ f0 þ p p0Q ð22Þ
which identiﬁes the parameter Q as the initial Biot’s modulus.
Now by the state law (5)2, the partial potential relative to the
porous space that leads to the porosity law (21) may be given by
Fig. 6. An illustration of the pore pressure dependent Eulerian porosity law.
Fig. 7. Hydrostatic compression for different ratios ðQ=p0Þ. The ratio l=p0 ¼ 3 and
the parameters f0 ¼ 0:6 and g ¼ 0:2 are ﬁxed.
Fig. 8. Hydrostatic tension for different ratios ðQ=p0Þ. The ratio l=p0 ¼ 3 and the
parameters f0 ¼ 0:6 and g ¼ 0:2 are ﬁxed.
Fig. 9. Uniaxial tension with l=p0 ¼ 3; f 0 ¼ 0:6 and g ¼ 0:2.
Fig. 10. Uniaxial tension. Corresponding lateral stretch evolutions.
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p p0
Qð1 f0Þ
	 

 1
 
ð23Þ
which fulﬁls the requirements
vporðJ;p ¼ p0Þ ¼ 0 and
@vpor
@J
ðJ; p ¼ p0Þ ¼ 0 ð24Þ
Hence, by Eq. (6)2, the porous contribution to the Cauchy stress
is this time given by
rpor ¼  ðp p0Þ þ ð1 f0Þ2Q exp 
p p0
Qð1 f0Þ
	 

 1
  
1 ð25Þ
Furthermore, the ﬂuid mass conservation, Eq. (9), can be rewrit-
ten in the following more convenient equivalent form
JnðpÞ exp½g ln p ¼ f0 exp½g ln p0 ð26Þ
which can easily be solved for the pore pressure p by using a New-
ton scheme when the volumetric strain J is given at a material point.
Remark 3. As the initial Biot’s modulus Q goes to inﬁnity, one
recovers the constant Eulerian porosity model developed in Section
3. In fact, one can easily check thatlim
Q!1
vporðJ;pÞ ¼ Jf0ðp p0Þ ð27Þ
which is precisely the partial potential given by Eq. (11). h4.1. Effective stress response for the solid skeleton
The model proposed in Section 3.1 for the effective response can
be used without any change. However, and for illustrative pur-
poses, we consider in this modeling example the homogenized
strain energy density derived in Danielsson et al., 2004
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l
2
I1 2 1J 
f0 þ 2ðJ  1Þ
J2=3g1=3
 !
 3ð1 f0Þ
( )
ð28Þ
where, again, g ¼ ð1þ ðJ  1Þ=f0Þ;l is as usual the shear modulus of
the incompressible constitutive matrix, and I1 is here the ﬁrst
invariant of the (total) right Cauchy-Green tensor C; I1 ¼ ½C : 1. This
energy has been derived for a hollow Neo-Hookean sphere by con-
sidering kinematically admissible deformation ﬁelds as proposed in
Hou and Abeyaratne (1992) for the growth of a cavity in a solid.
Therefore, and as for the previous model example, the effective
behavior depends on the parameters l and f0. The effective part of
the Cauchy stress tensor reads
r0 ¼ l
2J
I1
1
J
 J
1=3
3g1=3
ð4 f0Þgþ ð1 f0Þ
f0g2 þ ð1 f0Þg
 ( )
1
þ l
J
2 1
J
 f0 þ 2ðJ  1Þ
J2=3g1=3
( )
b ð29Þ
where b ¼ FFT is the left Cauchy–Green tensor.
At the limiting case of the iniﬁnitesimal theory, the apparent
bulk and shear moduli of the solid skeleton are precisely the ones
given by Eq. (20) (see Danielsson et al., 2004).
4.2. Simple tests and parametric study
The porous space modeling being here analogous to the one
presented in Section 3, the same observations would be made
through parametric studies similar to the ones given in Section
3.2 concerning the inﬂuence of the voids volume fraction f0, the
ﬂuid parameter g, and the ratio ðl=p0Þ.
Therefore, it only remains to show the inﬂuence of the newly
introduced initial Biot’s modulus Q. For this, Fig. 7 presents the re-
sults of a set of hydrostatic compression tests where different val-
ues of the ratio ðQ=p0Þ are used, the remaining parameters are
ﬁxed. Here we choose f0 ¼ 0:6 with a ﬂuid of relatively low com-
pressibility with g ¼ 0:2 for illustrative purposes. One can observe
that for low initial Biot’ modulus, the response approaches the one
of the effective stress response while for higher values, the extra-
stress is higher and, at the limiting case, the response reaches
the one obtained with the constant Eulerian porosity model of Sec-
tion 3, ðQ=p0Þ ! 1 in the ﬁgure, conﬁrming then the comments of
Remark 3. The same observations can be made for the case of
hydrostatic tension tests as shown in Fig. 8.
As a last example, the results of simple tension tests are plotted
in Figs. 9 and 10. The observations as for the compression tests of
Fig. 5 with the model example of Section 3 are again to be pointed
out. Here again the extra-stress is low as the internal pore pressure
does not contribute to the deviatoric part of the total stress. But it
has a non negligible inﬂuence on the lateral stretch evolution. This
time, the sample laterally shortens more when the pore pressure is
taken into account, see Fig. 10.
5. Conclusion and perspectives
The main trust of this paper has been the formulation of a mod-
eling framework in order to provide a tool for predicting the re-
sponse of closed-cell porous materials in the ﬁnite strain range.
The nowadays classical framework of poromechanics has been
adopted to naturally build models that take into account the pres-
ence of the ﬂuid that induce internal pore pressure on the walls of
the cavities under loading.
Twomodel examples have been detailed and parametric studies
have been conducted, mainly by means of hydrostatic tests as, byessence, the porosity is a volumetric phenomenon. Among the
main observations, it has been shown that for foams with soft con-
stitutive matrices, extra-stresses due to the internal pore pressure
are far from to be negligible and must be taken into account within
the modeling procedure.
The modeling tool developed in this paper is conceptually sim-
ple with an effort of the order of that devoted for modeling classi-
cal monophasic materials. Only a single-scalar valued equation is
appended which results from the conservation of ﬂuid mass, and
that covers a wide range of applications ranging from air com-
pressible ﬂuid to incompressible liquids. Although the proposed
model examples consider incompressible constitutive matrices,
the present framework can consider compressible matrices as well.
For instance, any hyperelastic model can be used for the effective
behavior of the solid skeleton. This latter being decoupled from
the porous space contribution to the macroscopic response.
We believe that the formulation developed in this paper can
trigger deeper investigations and further research. For instance,
one can think of its possible extension for modeling general poly-
meric foams that experience irreversible phenomena such like ma-
trix plasticity with the possible occurrence of permanent porosity.
Another path of research that is actually under investigation is the
confrontation with results of homogenization studies that are
based on nowadays well known micro-to-macro transition tech-
niques widely developed in the recent literature.
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